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Water remediationAbstract This study investigated the potential of Casuarina equisetifolia needle (CEN) on the
removal of two important dyes, methylene blue (MB) and malachite green (MG), by batch adsorp-
tion experiments. Characterisation of CEN’s functional groups was done using Fourier Transform
infrared spectroscopy while elemental analysis was carried out using CHNS analysis and X-ray ﬂu-
orescence. The experiments were carried out by varying the adsorbent dosage, pH, ionic strength,
contact time and initial dye concentration. The pseudo-second-order kinetics model best repre-
sented the experimental data for both CEN-MB and CEN-MG systems. The Weber–Morris intra-
particle diffusion model showed that intraparticle diffusion is not the rate-limited step for both
adsorbates, while the Boyd model suggested both systems could be controlled by ﬁlm diffusion.
The Langmuir, Freundlich and Dubinin–Radushkevich isotherm models were used for describing
the adsorption process. Of these, the Langmuir model best represented both adsorbents systems
(CEN-MB and CEN-MG) giving maximum adsorption capacity (qm) of 110.8 and 77.6 mg g
1,
respectively, at 25 C. Thermodynamics studies showed that both adsorption systems are sponta-
neous and endothermic.
ª 2015 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Methylene blue (MB) and malachite green (MG) belong to dye
classiﬁcation of thiazine and triarylmethane, respectively. Both
of these dyes are cationic dyes as they form positively charged
molecules (Fig. 1) when dissolved in water. MB is not onlyused as a dyestuff in textile industry but also as medicine.
Methemoglobinemia [1], psoriasis [2], West Nile virus [3] and
Duck hepatitis B [4] are some of diseases/conditions that use
MB in the treatment. The negative effects of acute exposure
to MB may include increase heart rate, nausea, Heinz body
formation, headache and gastritis [5,6]. MG has fungicide,
ectoparasiticide and disinfectant properties and is heavily used
in ﬁsh farming industry to control ﬁsh parasites and diseases
[7]. However, studies revealed that MG is lethal to freshwater
ﬁsh in both acute and chronic exposure, cytotoxic to mam-
malian cells as well as a multi-organ toxin which effect
the liver, spleen, kidney, heart, eye, skin, lung and bone [8,9].
Figure 1 Molecular structure of (A) malachite green, and (B) methylene blue.
1254 M.K. Dahri et al.In addition to these, both dyes are resistant to biodegrada-
tion and thus, could hinder the aquatic activities and cause
unpleasant sight to the water bodies due to their intense
colour.
Adsorption treatments are simple with no side product as
the pollutants are adsorbed on the surface of the adsorbent
and in many cases, can be regenerated and reused. Activated
carbon is widely used for this purpose as it has excellent
adsorption properties due to its high surface area and porous
structure. However, its application is limited due to its expen-
sive cost [10]. Growing interest in ﬁnding new materials for
adsorption treatment has developed many researches on mate-
rials that have low or no values such as water fern [11], agro-
wastes [12,13], yeast [14,15], fungus [16], clay [17] and mud
[18]. In addition to good removal of pollutants from aqueous
solution, these materials are abundant, environmental friendly
and low cost, making adsorption treatments to be more attrac-
tive than the conventional treatments such as photodegrada-
tion [19] and catalytic degradation [20].
This study aims to investigate the potential of Casuarina
equisetifolia needle (CEN) as an adsorbent for the removal
of MB and MG from aqueous solution. CEN is available
world-wide and the usefulness of the tree ranged from timber
production, material for mulching, landscaping, fuel and as
wind breaker at coastal areas. Many other parts of the plant
tissues were used in adsorption studies such as untreated
CEN to adsorb methyl violet 2B [21] and removal of Cr(VI)
[22], tree bark to adsorb Cu(II) [23], activated carbon derived
from seed husk for Cr(VI) removal [24].
2. Materials and methods
2.1. Chemicals and instrumentations
All chemical reagents were used without further puriﬁcation.
Malachite green oxalate (MG), 90% dye content
(C23H25N2ÆC2HO4Æ0.5C2H2O4, Mr 463.50 g mol
1) and methy-
lene blue (MB), 82% dye content (C16H18N3ClSÆ3H2O,
Mr 373.90 g mol
1) were purchased from Sigma–Aldrich.
1000 mg L1 of dye stock solution was prepared by dissolving
the required amount of dye in distilled water. pH was adjusted
using 0.1 mol L1 NaOH (Univar) and 0.1 mol L1 HNO3
(AnalaR) and measured with Thermo Scientiﬁc Orion 2 Star
pH Benchtop. Potassium nitrate (Sigma–Aldrich) and sodium
chloride (GPR) were used in the determination of point of zero
charge and ionic strength, respectively. The absorbance of MG
and MB dye solutions were measured at wavelength 618 nm
and 664 nm, respectively, using Shimadzu UV-1601PCUV–visible spectrophotometer (UV–vis). Distilled water was
used throughout this study.
The functional groups of CEN were determined using
Shimadzu IR Prestige-21 spectrophotometer for Fourier trans-
form infrared spectroscopy (FTIR) analysis using KBr disc
method. The elemental CHNS compositions of CEN were
determined using the Thermo Scientiﬁc Flash 2000 Organic
Elemental Analyzer CHNS/O, while the rest of the elements
were determined using X-ray ﬂuorescence (XRF) spectropho-
tometer (PANalytical Axiosmax).
2.2. Sample preparation
CEN was collected from the garden in the Universiti Brunei
Darussalam. The branches and twigs of C. equisetifolia were
carefully removed from the collected pile. CEN was then
washed with distilled water to remove any dust particles and
dried in an oven at 70 C until a constant weight was achieved.
Dried CEN was then blended using Panasonic MX-J210GN
blender and sieved to different sizes.
2.3. Batch experiment procedure
All adsorption experiments were carried out at predetermined
mass of CEN with 20 mL dye solution in 125 mL Erlenmeyer
ﬂask. All mixtures were agitated at 250 rpm using an orbital
shaker, at room temperature and ambient pH (unless other-
wise stated). Prior to the adsorption experiment, effect of par-
ticle sizes was investigated with three particle sizes (>500 mm,
355–500 mm and <355 mm) with 100 mg L1 dye. The effect
of adsorbent dosage was carried out from 0.01 g to 0.08 g of
adsorbent at interval of 0.01 g with 100 mg L1 dye. The
effects of pH (2–8), contact time (5–240 min), ionic strength
using NaCl (0–0.8 mol L1), and temperature (25–55 C) were
carried out using the predetermined CEN particle size and
dosage.
The experimental data were characterised with four kinetics
models (Lagergren-ﬁrst-order, pseudo-second-order, Weber–
Morris intraparticle diffusion and Boyd models), while the
three isotherm models included in this studies are the
Langmuir, Freundlich and Dubinin–Radushkevich models.
The amount of dye adsorbed per gram of CEN, qe
(mmol g1), was calculated using:
qe ¼
ðCi  CeÞV
Mrm
ð1Þ
Application of Casuarina equisetifolia needle 1255where Ci is the initial dye concentration (mg L
1), Ce is the
equilibrium dye concentration (mg L1), Mr is dye molecular
mass (mol g1), V is the volume of dye solution used (L) and
m is the mass of CEN used (g). The percentage removal of
the dye is represented by:
Percentage removal ¼ ðCi  CeÞ  100%
Ci
ð2ÞFigure 2 FTIR spectra of (A) Untreated CEN (B) MG-treated
CEN, and (C) MB-treated CEN.2.4. Determination of point of zero charge
Point of zero charge of CEN was determined by salt addition
method using 0.1 mol L1 KNO3 solution [25]. The pH of the
salt solution was adjusted to the pH range of 2–10 using
0.1 mol L1 NaOH and 0.1 mol L1 HNO3. The pH adjusted
salt solutions were then mixed with 0.04 g of CEN and agitated
for 24 h after which the ﬁnal pH was measured.
2.5. Error analysis
Two error analysis functions included in this study are the sum
of absolute error (EABS) and chi-square test (v2). Smaller val-
ues of these error analyses indicate the better curve ﬁtting [26].
The equations of the error analysis functions are as follows:
EABS :
Xp
i¼1
jqe;meas  qe;calcj ð3Þ
v2 :
Xp
i¼1
qe;meas  qe;calc
 2
qe;meas
ð4Þ
where qe,meas is the experimental value while qe,calc is the calcu-
lated value from the isotherm models and p is the number of
observations in the experiment.
2.6. Speciﬁc surface area
The speciﬁc surface area of the adsorbent was determined
using the Langmuir isotherm method [27] and can be calcu-
lated using the following equation:
SA ¼ ANA  qm
Mr
ð5Þ
where SA is the speciﬁc surface area (m2 g1), A is the occupied
surface area of a molecule of MB (197.2 A˚2 [28]), qm is the
Langmuir maximum monolayer biosorption capacity
(mg g1), NA is Avogadro’s number (6.02 · 1023 mol1) and
Mr is the molecular mass of MB (373.90 g mol
1).
3. Results and discussion
3.1. Characterisation of adsorbent
Speciﬁc surface area is the accessible area of solid surface per
unit mass of material. The surface area can be modiﬁed by the
surrounding phase and this causes each method for the deter-
mination of speciﬁc surface area to have its own shortcomings
and uncertainties. This is particularly evident in Bruner–Em
met–Teller (BET) N2 method whereby the sample is subjected
to vacuum treatment before N2 adsorption and as a result only
the external surface area can be determined [27]. Apart fromthe BET method, another simple and less expensive method
that has been used successfully to measure speciﬁc surface area
is by using methylene blue [27,29]. In this study, the speciﬁc
surface area of CEN, determined using methylene blue, was
determined as 351 m2 g1.
FTIR analysis is an important tool for the identiﬁcation of
functional groups, which in this study are capable of interact-
ing with dyes. The FTIR spectra of CEN, before and after
treatment with MG and MB, are shown in Fig. 2. In the spec-
trum of untreated CEN, the broad absorption peak around
3313 cm1 is due to the vibration of AOH and ANH
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Figure 3 The plots showed (A) the effect of various particles
sizes, and (B) the effect of adsorbent dosage, on the removal of dye
MG and MB.
1256 M.K. Dahri et al.functional groups. CAH bond in methyl group stretching
vibration can be found at 2921 cm1. The characteristic
C‚O stretching is clearly seen at 1731 cm1. Band at
1619 cm1 is assigned for NH bending vibration and the peak
around 1034 cm1 is due to CAO stretching band. In the spec-
tra of CEN after treatment with MB and MG, shifts of bands
were observed at these peaks, indicating possible involvement
of these functional groups in the adsorption process.
3.2. XRF elemental analysis
CHNS analysis revealed that CEN contains 46.7% carbon,
6.6% hydrogen, 3.1% nitrogen, and >1.0% sulphur while
the rest of the elements, determined by XRF analysis, is illus-
trated in Table 1. One distinctive observation in the XRF anal-
ysis is the reduction of Na and K to low level upon treatment
of both MB and MG along with small reduction of Ca, Si, Mg,
Mn, P and Al. There is a possibility that the cationic dye mole-
cules are replacing these metal ions with their partial hydration
through ionic exchange [30]. Fe and O elements were increased
after adsorption and explanation of this ﬁnding is currently
beyond the scope of this work. Nevertheless, these ﬁndings
were also observed and reported for adsorption of MB and
MG on other adsorbents [31,32].
3.3. Effect of adsorbent particle sizes and adsorbent dosage
Three different ranges of adsorbent particle sizes (<355 mm,
355–500 mm and >500 mm) were investigated for both MG
and MB. As seen in Fig. 3A, the smallest particle size
(<355 mm) yielded the highest percentage dye removal at
89% (qe = 1.26 mmol g
1) and 93% (qe = 1.03 mmol g
1)
for MG and MB, respectively. Smaller particle size has larger
surface area for the dyes to interact with when compared to the
bigger particle size and thus, the percentage removal decreases
as the particle size increases. With these data, the smallest par-
ticle size (<355 mm) was used for the rest of the experiment.
Fig. 3B shows the effect of CEN dosage on the removal of
MG and MB from aqueous solution. Removal of MB
increased from 57% to 91% when the dosage was increasedTable 1 XRF analysis of untreated CEN, MB-treated CEN
and MG-treated CEN.
Element Amount (%)
Untreated CEN MB-treated CEN MG-treated CEN
P 0.2 0.1 0.1
Mn 0.4 0.3 0.3
Al 0.5 0.3 0.4
Na 0.7 ND ND
Mg 0.8 0.3 0.2
S 1.4 5.4 1.2
Cl 1.5 0.8 0.8
Si 1.7 1.3 1.3
K 2.6 0.2 0.2
Fe 25.0 31.0 35.9
O 30.5 34.1 31.0
Ca 34.2 26.2 28.4
ND – Not detected.from 0.01 g to 0.03 g. Further increase in dosage did not show
any signiﬁcant increase in the removal of MB. Similarly,
removal of MG increased from 44% to 88% when the dosage
was increased from 0.01 g to 0.04 g with no further signiﬁcant
increase at higher dosage. The initial increase in removal is due
to the availability of active sites on the adsorbent’s surface but
beyond 0.03 g (MB) and 0.04 g (MG) of CEN, the maximum
adsorptions were attained whereby the amount of adsorbate
bound onto the adsorbent and in the solution remains constant
even with further increase in the dosage [33]. Therefore, CEN
dosage of 0.03 g and 0.04 g was used in the removal of MB and
MG, respectively.
3.4. Point of zero charge and effect of pH
Point of zero charge (pHpzc) is an important parameter at
which the surface of adsorbent has zero net charge (neutral).
When solution pH< pHpzc, the surface of the adsorbent is
predominately positive whereas when solution pH> pHpzc,
the adsorbent’s surface will be predominately negative.
Generally, positively charged molecule or ion will be attracted
to negatively charged surface and positively charged surface
will attract negatively charged molecule or ion via electrostatic
interaction. The change of pH (ﬁnal pH–initial pH) vs initial
pH was plotted and the point intercepting the x-axis is the
pHpzc. As shown in Fig. 4, pHpzc for CEN is determined as
4.40.
The range of pH studies used for MB and MG is 2.3–8.0
and 3.2–7.0, respectively. The reasons of using different ranges
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Figure 4 The plot of DpH vs initial pH for the determination of
CEN’s point of zero charge.
Application of Casuarina equisetifolia needle 1257for each dye are due to the sensitivity of MG to pH and to
avoid pH range that may lead to fading and loss of colour
intensity [34].
The adsorption of MB onto CEN is affected by change of
pH as shown in Fig. 5. Adsorption was low at pH 2.3
(qe = 0.125 mmol g
1) and it increased until pH 4.0
(qe = 0.168 mmol g
1). Beyond pH 4.0, there was no further
increase in the removal of MB. The adsorption capacity at
ambient pH (5.2) was found out to be 0.166 mmol g1 which
is comparable to that of higher pH and thus, no pH adjust-
ment was needed for the rest of the experiments. However
for adsorption of MG onto CEN, highest adsorption was
observed at ambient pH, and the adsorption decreases with
increasing pH. Therefore, no pH adjustment was made in
the following MG experiments.
Referring to the concept of pHpzc, at pH > 4.40 where the
dye adsorption (MB and MG) should be higher due to pre-
dominately negatively charged surface thereby favouring the
adsorption of cationic dye molecules via electrostatic attrac-
tion, however experimental data for MG showed otherwise.
This disagreement with pHpzc concept merely indicated that
the adsorption of dye is not occurring purely by electrostatic
interaction, while other attractive forces such as hydropho-
bic–hydrophobic interaction and hydrogen bonding may be
signiﬁcantly dominant. This behaviour was also observed by
Al-Degs et al. [35].0.00
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Figure 5 The effect of pH on the removal of MB and MG by
CEN from aqueous solution.3.5. Effect of ionic strength
Adsorption process can be affected by the presence of some
metal ions which are present in wastewaters as ionic strength
can affect electrostatic and hydrophobic–hydrophobic interac-
tions [36,37]. Hydrophobic–hydrophobic interaction occurred
between non-polar groups i.e. ACH3 group of the dye with
aromatic ring present in adsorbent’s surface [37]. In high ionic
strength solution, the electrostatic attraction mechanism of
cationic dyes can be suppressed due to the competition with
the Na+ present for the active sites on adsorbent surface, lead-
ing to electrostatic repulsion [37]. Fig. 6 shows the effect of
varying the concentration of NaCl on the adsorption of MB
and MG by CEN, where adsorptions of both dyes by CEN
were observed to slightly decrease as the NaCl concentration
increases. This behaviour is usually observed for the removal
of basic dyes and has been reported in many studies [34,37].
This small reduction in dye uptake at high salt concentration
suggested that electrostatic interaction is not the major force
of interaction but hydrophobic–hydrophobic interaction and
other forces. This result also suggests the practicality of using
CEN in remediation of real situation as the industrial efﬂuents
usually have high salt content.
3.6. Effect of contact time
The effect of contact time is essential in the sorption experi-
ment as the data will allow conﬁrmation on the length of agi-
tation time to achieve equilibrium of the adsorption processes
between the solid phase (adsorbent) and the aqueous phase
(adsorbates). The data of the effect of contact time on the
removal of dye MG and MB are summarised in Fig. 7.
Generally, both adsorption of MG and MB showed similar
trend whereby the qe of both dyes sharply increased from
5 min to 30 min and equilibrate beyond 1 h of contact time.
The initial rapid increase of qe is attributed to the abundance
of active sites on CEN and as time goes by these sites are sat-
urated with the dyes and therefore, the adsorption slow down
and ﬁnally level off.
As the initial concentration of the dyes increases, the qe also
increases i.e. the qe at 25 C was 0.088 mmol g1 and
0.198 mmol g1 for 100 mg L1 and 400 mg L1 MG,0
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Figure 6 Adsorption of MB and MG onto CEN at different
concentrations of NaCl.
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Figure 7 Plot summarised the contact time on the removal of
dye: (A) MG, and (B) MB, at four different initial dye concen-
trations (100, 200, 300 and 400 mg L1), at room temperature and
at unadjusted pH.
1258 M.K. Dahri et al.respectively. Increasing the initial concentration will provide
more driving force to overcome the mass transfer resistance
between the solid phase and the liquid phase and thus, the qe
increases [38].
3.7. Kinetics studies
The Lagergren-ﬁrst-order [39] and pseudo-second-order [40]
models were applied to test the experimental data in order to
evaluate the adsorption process. The Lagergren-ﬁrst-order
model assumed that the rate of change of solute uptake over
time is directly proportional to the difference in saturation
concentration and the amount of solute uptake over time.
The pseudo-second-order is used to investigate the behaviour
of the entire adsorption process [18]. The linear equations of
the models are as follows:
The Lagergren-ﬁrst-order kinetics model is expressed,
logðqe  qtÞ ¼ log qe 
t
2:303
k1 ð6Þ
The pseudo-second-order kinetics model is expressed,
t
qt
¼ 1
q2ek2
þ t
qe
ð7Þ
where qt is the amount of adsorbate adsorbed per gram of
adsorbent (mmol g1) at time t, k1 is the Lagergren-ﬁrst-
order rate constant (min1), t is the shaking time (min) and
k2 is pseudo-second-order rate constant (g mmol
1 min1).The parameters of the Lagergren-ﬁrst-order and pseudo-
second-order were obtained by the linear plot of
lnðqe  qtÞ vs t and tqt vs t, respectively, and are listed in
Table 2 (linear plots not shown for brevity). It can be seen that
at different concentrations of both dyes, the pseudo-second-
order has higher correlation coefﬁcients (R2) values than that
of Lagergren-ﬁrst-order model as well as has lower values
for error analyses. Furthermore, the qe(cal) values for the
pseudo-second-order are in agreement with that of experimen-
tal data compared to the Lagergren-ﬁrst-order model. These
results suggest that the pseudo-second-order can be used to
represent the adsorption data and the adsorption process
involves chemisorption. For both dyes, the k2 values decrease
as the concentration increases. This might be due to the higher
competition for the adsorption sites at high dye concentration
compared to at lower dye concentration [41]. The Lagergren-
ﬁrst-order model could not describe the entire range of adsorp-
tion time and is limited only to the initial time range which
causes the deviation of calculated qe from experimental value
[42].
The adsorption process is generally described by several
steps: (a) transport in solution bulk; (b) diffusion on the solid’s
surface (ﬁlm diffusion); (c) adsorbate transport occurs within
the pores (particle diffusion) and (d) sorption and desorption
within the particle and solid’s surface [43]. Generally, steps b
and step c are considered to be rate – limiting step as the other
two steps occur rapidly. The Weber–Morris intraparticle diffu-
sion [44] and Boyd et al. [45] models were applied in order to
investigate the diffusion mechanism. The equations of the
models are as follows:
qt ¼ k3 t1=2 þ C ð8Þ
Bt ¼ 0:4977 lnð1 FÞ ð9Þ
where k3 is the intraparticle diffusion rate constant
(mmol g1 min1/2) and C is the slope which represents the
thickness of the boundary layer. Bt is a mathematical function
of F, which F is equivalent to qt
qe
that represents the fraction of
adsorbate adsorbed at different times.When the linear plot of
qt versus t
1/2 passes through the origin, intraparticle diffusion
mechanism is considered as rate-limiting step for the adsorp-
tion process [44]. The Boyd model suggests that if the linear
plot of Bt versus t passes through the origin, particle diffusion
is in control of the process; otherwise ﬁlm diffusion is consid-
ered as the rate limiting step of the process [45].
The intraparticle diffusion model is commonly divided into
three phases: (1) external surface adsorption, (2) intraparticle
diffusion phase and (3) equilibrium phase where low adsorbate
concentration in solution results in the slowing down of the
intraparticle diffusion [46,47]. Fig. 8 illustrates the Weber–
Morris intraparticle plots for both MG and MB. Both of the
dyes showed similar trend whereby two linear plots were
observed for all the concentrations with the ﬁrst linear section
representing the intraparticle diffusion stage, while the second
section representing the slow equilibrium stage. The external
surface adsorption was not observed as it is a rapid step and
may have occurred within the ﬁrst 5 min of the agitation. As
shown in Table 3, none of the regions has C values equal to
zero which indicates that these lines do not pass through the
origins. This suggested that intraparticle diffusion is not the
rate limiting step. Similarly, none of the Boyd plots passed
Table 2 Parameters of the kinetics models for both MB and MG at different concentrations at 25 C.
Parameters Lagergren-ﬁrst-order
MG MB
Ci 100 200 300 400 100 200 300 400
qe(cal) 0.031 0.076 0.076 0.098 0.030 0.124 0.330 0.197
qe(exp) 0.088 0.169 0.166 0.197 0.144 0.310 0.435 0.428
k1 0.020 0.022 0.018 0.013 0.019 0.028 0.029 0.019
R2 0.986 0.876 0.890 0.943 0.762 0.801 0.846 0.969
EABS 0.57 0.88 0.88 0.98 1.24 1.92 1.09 2.52
v2 0.45 0.62 0.64 0.72 1.09 1.35 0.41 1.78
Pseudo-second-order
Ci 100 200 300 400 100 200 300 400
qe(cal) 0.091 0.177 0.172 0.201 0.143 0.323 0.487 0.443
qe(exp) 0.088 0.169 0.166 0.197 0.144 0.310 0.435 0.428
k2 1.879 0.583 0.594 0.404 2.737 0.409 0.101 0.242
R2 0.999 0.999 0.996 0.994 0.999 0.997 0.983 0.999
EABS 0.46 0.24 0.22 0.32 0.64 2.73 0.76 0.61
v2 0.29 0.08 0.06 0.09 0.29 2.96 0.38 0.15
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Figure 8 Weber–Morris intraparticle plot for (A) MG, and (B)
MB.
Application of Casuarina equisetifolia needle 1259through the origin (Table 3) which suggests that ﬁlm diffusion,
where transport occurs at the external surface, is the rate lim-
iting step for both dye adsorption process.
3.8. Isotherm modelling
Fig. 9 shows the adsorption of MB and MG at different con-
centrations. As mentioned before, the adsorption increases asthe concentration increases. It is noted that both MB and
MG removal reached a plateau beyond concentration
300 mg L1. This is due to the saturation of CEN’s active sites
with the dyes and hence, the adsorption process slows down
and ﬁnally reached equilibrium. Another observation made is
that as the temperature increases, the adsorption beyond con-
centration of 200 mg L1 is noticeably increased especially for
MG. This hinted the endothermic nature of the adsorption
process for both dyes onto CEN.
For optimisation of an adsorption process for the removal
of the pollutant from aqueous solution, it is imperative to
establish the most appropriate correlation for the equilibrium
curve [48]. Three widely known isotherm models namely: the
Langmuir [49], Freundlich [50] and Dubinin–Radushkevich
(D–R) [51] models were used in this study to describe the
adsorption process of MB and MG onto CEN.
The Langmuir model assumes one pollutant molecule/ion
will only occupy one active site on the homogeneous adsorbent
surface [52]. The linear Langmuir model equation is as follows:
Ce
qe
¼ 1
bqm
þ Ce
qm
ð10Þ
The separation factor (RL) is a dimensionless constant
which is a useful characteristic of the Langmuir model [53].
It is given by the following equation,
RL ¼ 1ð1þ bCiÞ ð11Þ
where qm is the maximum monolayer biosorption capacity of
the adsorbent (mmol g1) and b is the Langmuir biosorption
constant (L mg1) which is related to the free energy of
biosorption. RL indicates whether the isotherm is either unfa-
vourable (RL > 1), linear (RL = 1), favourable (0 < RL < 1),
or irreversible (RL = 0) [54].
The Freundlich isotherm is used for non-ideal adsorption
on heterogeneous surfaces which caused by the presence of dif-
ferent functional groups on the surface and interaction
between adsorbent–adsorbate [55]. The linear Freundlich iso-
therm model equation is expressed as follows:
Table 3 The parameters of the Weber–Morris intraparticle diffusion and Boyd kinetics models.
Parameters Weber–Morris intraparticle diﬀusion model
MG MB
Ci 100 200 300 400 100 200 300 400
k3 0.003 0.008 0.007 0.009 0.018 0.054 0.069 0.043
C 0.053 0.073 0.079 0.081 0.055 0.008 0.053 0.106
R2 0.876 0.773 0.886 0.944 0.985 0.835 0.685 0.956
Boyd model
Slope 0.020 0.022 0.017 0.013 0.029 0.091 0.028 0.019
Intercept 0.546 0.301 0.264 0.202 0.844 0.662 0.188 0.279
R2 0.986 0.876 0.973 0.943 0.919 0.887 0.922 0.969
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Figure 9 The effect of concentration on the adsorption of (A)
MG and (B) MB using CEN.
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1
nF
lnCe þ ln kF ð12Þ
where kF (mmol g
1 (L mmol1)1/n) is the adsorption capacity
of the adsorbent while nF, the Freundlich constant, gives indi-
cation of how favourable the adsorption process (adsorption
intensity) is or surface heterogeneity. Generally, when
nF > 1, the adsorbate is favourably adsorbed on the adsorbent
[56].The D–R isotherm model is dependent on temperature and
is used for prediction of whether the adsorption process is
physical or chemical in nature by determining the mean free
energy of adsorption, E. D–R linearised equation is illustrated
as follows:
ln qe ¼ ln qm  kDR RT 1þ
1
Ce
  2
ð13Þ
E ¼ 1ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2kDR
p ð14Þ
where kDR (mol
2 kJ2) is D–R constant, R is the gas constant
(8.314 J mol1 K1), T is the absolute temperature (K) and E
is the mean free energy (kJ mol1).
The isotherm parameters for the three isotherm models
along with the error analyses are presented in Table 4. In terms
of R2 values, the Langmuir isotherm gave out the highest val-
ues for both dyes within the temperature range used (0.941–
0.999); followed by the D–R (0.852–0.996) and Freundlich
(0.741–0.935). Furthermore, the Langmuir model also has
the lowest error functions for v2 (0.003–0.066) and EABS
(0.057–0.199). Therefore taking consideration of both the R2
and the error functions of the three isotherm models used,
the Langmuir model best represented the experimental data.
The Langmuir maximum adsorption capacity (qm) for MB
and MG onto CEN at room temperature (25 C) is determined
as 0.30 and 0.17 mmol g1, respectively. As expected for
endothermic process, the qm values for both dyes increase as
the temperature increases (Table 4). Both RL and nF values
showed that the adsorption process of both dyes onto CEN
are favourable. Table 5 shows the comparison of different per-
formance of various adsorbents on the adsorption of MB and
MG.
3.9. Thermodynamics studies
Adsorption thermodynamics can provide information on the
energy change of adsorbent after adsorption process. Gibbs
free energy (DG), enthalpy change (DH) and entropy change
(DS) are the parameters studied and their relations are illus-
trated below:
DG
 ¼ DH  TDS ð15Þ
The Gibbs free energy is also represented as follows:
DG
 ¼ RTlnK ð16Þ
Table 4 Isotherm parameters for adsorption of MB and MG onto CEN.
Removal of MG using CEN Removal of MB using CEN
Langmuir isotherm
T (C) 25 35 45 55 25 35 45 55
qm (mmol g
1) 0.17 0.23 0.33 0.39 0.30 0.34 0.34 0.37
qm (mg g
1) 77.6 106.0 154.3 179.2 110.8 128.1 130.6 139.1
b (L mg1) 0.072 0.057 0.031 0.061 0.088 0.094 0.107 0.366
RL 0.027 0.032 0.061 0.030 0.022 0.021 0.017 0.113
R2 1.000 0.994 0.941 0.997 0.999 0.999 0.996 1.000
v2 0.009 0.008 0.054 0.023 0.026 0.030 0.066 0.023
EABS 0.066 0.057 0.138 0.137 0.106 0.111 0.195 0.137
Freundlich isotherm
kF (mmol
11/n L1/n g1) 0.023 0.025 0.020 0.050 0.047 0.051 0.055 0.060
nF 2.610 2.349 1.834 2.303 2.777 2.717 2.758 2.803
R2 0.895 0.875 0.764 0.935 0.760 0.774 0.741 0.814
v2 0.037 0.069 0.154 0.150 0.026 0.160 0.200 0.150
EABS 0.151 0.241 0.356 0.477 0.106 0.428 0.501 0.477
Dubinin–Radushkevich isotherm
qm (mmol g
1) 0.106 0.205 0.231 0.204 0.229 0.257 0.271 0.266
kDR (10
7 mol2 kJ2) 0.139 5.250 5.300 1.960 0.242 0.180 0.165 0.109
E (kJ mol1) 0.600 0.976 0.307 1.595 0.455 0.527 0.551 0.676
R2 0.766 0.977 0.979 0.734 0.894 0.911 0.919 0.843
v2 0.110 1.182 0.051 0.284 0.090 0.102 0.083 0.171
EABS 0.270 0.620 0.234 0.549 0.357 0.380 0.354 0.509
Table 5 Comparison of qm of adsorption of MB and MG
between different adsorbents.
Adsorbent Dye qm
(mg g1)
Reference
Magnetic graphene-carbon
nanotube composite
MB 65.8 [52]
Garlic peel MB 82.6 [6]
CEN MB 110.8 This
work
Breadnut core MB 369.0 [30]
Arundo donax root MG 8.49 [7]
CEN MG 77.6 This
work
Walnut shell MG 90.8 [34]
Oil palm trunk ﬁbre MG 149.3 [57]
Table 6 Thermodynamic parameters for adsorption of MG
and MB onto CEN.
Dye T
(K)
DG
(kJ mol1)
DH
(kJ mol1)
DS
(J mol1 K1)
MG 298 4.43 33.8 127.9
313 5.47
323 6.67
333 8.32
MB 298 5.59 18.0 79.6
313 6.65
323 7.70
333 7.85
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Ce
ð17Þ
where T is the temperature (K), R is the gas constant, K is the
distribution coefﬁcient for adsorption, CS is the equilibrium
dye concentration adsorbed by CEN (mg L1), and Ce is the
dye concentration of ﬁltrate at equilibrium (mg L1).
By inserting Eq. (15) into Eq. (16), the following equation is
obtained:
lnK ¼ DS

R
 DH

RT
ð18Þ
The thermodynamic parameters were obtained from the lin-
ear plot of ln K vs T1 and are shown in Table 6. The adsorp-
tion of both dyes onto CEN is considered spontaneous and
feasible as the DG is negative in value which as temperature
increases the DG value becomes more negative, illustrating
that the adsorption process more spontaneous at higher tem-
perature. DG value between 0 kJ mol1 and 20 kJ mol1 is
an indication of physisorption, which is exhibited by both
CEN-MG and CEN-MB [58]. DH values are positive for
the both dyes which shows that the adsorption processes are
endothermic in nature as mentioned above. The values of
DH for both dyes are less than 40 kJ mol1 which also sug-
gested both systems are physical in nature. Positive DS for
both dyes implies there were increases in the randomness of
adsorbate at the solid–liquid interface which occurs due to des-
orption of water molecules from adsorbent surface [59].
4. Conclusions
This study was conducted to investigate the potential of CEN
on the removal of two important dyes, MB and MG by batch
adsorption experiments. The experiments were conducted at
1262 M.K. Dahri et al.180 min contact time with no alteration of pH. Increasing tem-
perature increases the adsorption of both dyes onto CEN. The
adsorption process was not severely affected by high ionic
strength. The pseudo-second-order best represented the kinet-
ics experimental data. The Weber–Morris intraparticle diffu-
sion model showed that intraparticle diffusion is not the
rate-limited step for both adsorbents while the Boyd model
suggested both systems could be limited by the ﬁlm diffusion.
The Langmuir isotherm model best represented the adsorption
process for both systems (CEN-MB and CEN-MG) which pre-
dicted qm at 110.8 and 77.6 mg g
1, respectively, at 25 C.
Thermodynamic studies showed that both adsorption systems
are spontaneous and endothermic.
Acknowledgements
The authors would like to thank the Government of Brunei
Darussalam and the Universiti Brunei Darussalam for their
support. Lastly, an appreciation to the Centre for Advanced
Material and Energy Sciences (CAMES) of Universiti Brunei
Darussalam for their generosity in the usage of XRF machine.References
[1] Y. Yusim, D. Livingstone, A. Sidi, Blue dyes, blue people: the
systemic effects of blue dyes when administered via different
routes, J. Clin. Anesth. 19 (2007) 315–321.
[2] M. Salah, N. Samy, M. Fadel, Methylene blue mediated
photodynamic therapy for resistant plaque psoriasis, J. Drugs
Dermatol. 8 (2009) 42–49.
[3] J.F. Papin, R.A. Floyd, D.P. Dittmer, Methylene blue
photoinactivation abolishes West Nile virus infectivity in vivo,
Antiviral Res. 68 (2005) 84–87.
[4] S.J. Wagner, A. Skripchenko, J.C. Pugh, D.B. Suchmann, M.K.
Ijaz, Duck hepatitis B photoinactivation bydimethylmethylene
blue in RBC suspensions, Transfusion 41 (2001) 1154–1158.
[5] K.G. Bhattacharyya, A. Sharma, Kinetics and thermodynamics
of Methylene Blue adsorption on Neem (Azadirachta indica)
leaf powder, Dyes Pigments 65 (2005) 51–59.
[6] B.H. Hameed, A.A. Ahmad, Batch adsorption of methylene
blue from aqueous solution by garlic peel, an agricultural waste
biomass, J. Hazard. Mater. 164 (2009) 870–875.
[7] J. Zhang, Y. Li, C. Zhang, Y. Jing, Adsorption of malachite
green from aqueous solution onto carbon prepared from
Arundo donax root, J. Hazard. Mater. 150 (2008) 774–782.
[8] S. Srivastava, R. Sinha, D. Roy, Toxicological effects of
malachite green, Aquat. Toxicol. 66 (2004) 319–329.
[9] M.E. Yonar, S.M. Yonar, Changes in selected immunological
parameters and antioxidant status of rainbow trout exposed to
malachite green (Oncorhynchus mykiss, Walbaum, 1792), Pest.
Biochem. Physiol. 97 (2010) 19–23.
[10] D. Kavitha, C. Namasivayam, Capacity of activated carbon in
the removal of acid brilliant blue: determination of equilibrium
and kinetic model parameters, Chem. Eng. J. 139 (2008) 453–461.
[11] M.R.R. Kooh, L.B.L. Lim, M.K. Dahri, L.H. Lim, J.M.R.
Sarath Bandara, Azolla pinnata: an efﬁcient low cost material
for removal of methyl violet 2B by using adsorption method,
Waste Biomass Valor. 6 (2015) 547–559.
[12] E. Akar, A. Altinisik, Y. Seki, Using of activated carbon
produced from spent tea leaves for the removal of malachite
green from aqueous solution, Ecol. Eng. 52 (2013) 19–27.
[13] Z. Belala, M. Jeguirim, M. Belhachemi, F. Addoun, G. Trouve´,
Biosorption of basic dye from aqueous solutions by date stones
and palm-trees waste: kinetic, equilibrium and thermodynamic
studies, Desalination 271 (2011) 80–87.[14] M. Ghaedi, S. Hajati, B. Barazesh, F. Karimi, G. Ghezelbash,
Saccharomyces cerevisiae for the biosorption of basic dyes from
binary component systems and the high order derivative
spectrophotometric method for simultaneous analysis of
brilliant green and methylene blue, J. Ind. Eng. Chem. 19
(2013) 227–233.
[15] J.-X. Yu, B.-H. Li, X.-M. Sun, J. Yuan, R.-A. Chi, Polymer
modiﬁed biomass of baker’s yeast for enhancement adsorption
of methylene blue, rhodamine B and basic magenta, J. Hazard.
Mater. 168 (2009) 1147–1154.
[16] Y. Fu, T. Viraraghavan, Dye biosorption sites in Aspergillus
niger, Bioresour. Technol. 82 (2002) 139–145.
[17] S.R. Shirsath, A.P. Patil, R. Patil, J.B. Naik, P.R. Gogate, S.H.
Sonawane, Removal of brilliant green from wastewater using
conventional and ultrasonically prepared poly(acrylic acid)
hydrogel loaded with kaolin clay: a comparative study,
Ultrason. Sonochem. 20 (2013) 914–923.
[18] L. Zhang, H. Zhang, W. Guo, Y. Tian, Removal of malachite
green and crystal violet cationic dyes from aqueous solution
using activated sintering process red mud, Appl. Clay Sci. 93–94
(2014) 85–93.
[19] R.F.P. Nogueira, M.R.A. Silva, A.G. Trovo´, Inﬂuence of the
iron source on the solar photo-Fenton degradation of different
classes of organic compounds, Sol. Energy 79 (2005) 384–392.
[20] F. Sayilkan, M. Asilturk, P. Tatar, N. Kiraz, E. Arpac, H.
Sayilkan, Photocatalytic performance of Sn-doped TiO2
nanostructured mono and double layer thin ﬁlms for malachite
green dye degradation under UV and vis-lights, J. Hazard.
Mater. 144 (2007) 140–146.
[21] M.K. Dahri, M.R.R. Kooh, L.B.L. Lim, Removal of methyl
violet 2B from aqueous solution using Casuarina equisetifolia
needle, ISRN Environ. Chem. 2013 (2013) 8.
[22] K. Ranganathan, Chromium removal by activated carbons
prepared from Casuarina equisetifolia leaves, Bioresour.
Technol. 73 (2000) 99–103.
[23] S. Mohan, K. Sumitha, Removal of Cu(II) by adsorption using
Casuarina equisetifolia bark, Environ. Eng. Sci. 25 (2008) 497–
506.
[24] A. El Nemr, A. El Sikaily, A. Khaled, O. Abdelwahab, Removal
of toxic chromium (VI) from aqueous solution by activated
carbon using Casuarina equisetifolia, Chem. Ecol. 23 (2007) 119–
129.
[25] T. Zehra, N. Priyantha, L.B.L. Lim, E. Iqbal, Sorption
characteristics of peat of Brunei Darussalam V: removal of
Congo red dye from aqueous solution by peat, Desalin. Water.
Treat. 54 (2015) 2592–2600.
[26] S.C. Tsai, K.W. Juang, Comparison of linear and nonlinear
forms of isotherm models for strontium sorption on a sodium
bentonite, J. Radioanal. Nucl. Chem. 243 (2000) 741.
[27] A. Itodo, H. Itodo, M. Gafar, Estimation of speciﬁc surface area
using langmuir isotherm method, J. Appl. Sci. Environ.
Manage. 14 (2010) 141–145.
[28] D. Graham, Characterization of physical adsorption systems.
III. The separate effects of pore size and surface acidity upon the
adsorbent capacities of activated carbons, J. Phys. Chem. 59
(1955) 896–900.
[29] N. Yener, C. Bic¸er, M. O¨nal, Y. Sarıkaya, Simultaneous
determination of cation exchange capacity and surface area of
acid activated bentonite powders by methylene blue sorption,
Appl. Surf. Sci. 258 (2012) 2534–2539.
[30] L.B.L. Lim, N. Priyantha, C. Hei Ing, M. Khairud Dahri,
D.T.B. Tennakoon, T. Zehra, M. Suklueng, Artocarpus
odoratissimus skin as a potential low-cost biosorbent for the
removal of methylene blue and methyl violet 2B, Desalin. Water
Treat. 53 (2015) 964–975.
[31] L.B.L. Lim, N. Priyantha, H.I. Chieng, M.K. Dahri, Artocarpus
camansi Blanco (Breadnut) core as low-cost adsorbent for the
removal of methylene blue: equilibrium, thermodynamics, and
Application of Casuarina equisetifolia needle 1263kinetics studies, Desalin. Water Treat. (2015), http://dx.doi.org/
10.1080/19443994.2015.1007088 1-13.
[32] H.I. Chieng, L.B.L. Lim, N. Priyantha, Enhancing adsorption
capacity of toxic malachite green dye through chemically
modiﬁed breadnut peel: equilibrium, thermodynamics, kinetics
and regeneration studies, Environ. Technol. 36 (2015) 86–97.
[33] I. Osu Charles, S.A. Odoemelam, Studies on adsorbent dosage,
particle sizes and pH constraints on biosorption of Pb(II) and
Cd(II) ions from aqueous solution using modiﬁed and
unmodiﬁed Crasstrotrea Gasar (Bivalve) biomass, Int. Arch.
Appl. Sci. Technol. 1 (2010) 62–68.
[34] M.K. Dahri, M.R.R. Kooh, L.B.L. Lim, Water remediation
using low cost adsorbent walnut shell for removal of malachite
green: equilibrium, kinetics, thermodynamic and regeneration
studies, J. Environ. Chem. Eng. 2 (2014) 1434–1444.
[35] Y.S. Al-Degs, M.I. El-Barghouthi, A.H. El-Sheikh, G.M.
Walker, Effect of solution pH, ionic strength, and temperature
on adsorption behavior of reactive dyes on activated carbon,
Dye Pigments 77 (2008) 16–23.
[36] N.S. Maurya, A.K. Mittal, P. Cornel, E. Rother, Biosorption of
dyes using dead macro fungi: effect of dye structure, ionic
strength and pH, Bioresour. Technol. 97 (2006) 512–521.
[37] Y. Hu, T. Guo, X. Ye, Q. Li, M. Guo, H. Liu, Z. Wu, Dye
adsorption by resins: effect of ionic strength on hydrophobic
and electrostatic interactions, Chem. Eng. J. 228 (2013) 392–397.
[38] Y. Feng, D.D. Dionysiou, Y. Wu, H. Zhou, L. Xue, S. He, L.
Yang, Adsorption of dyestuff from aqueous solutions through
oxalic acid-modiﬁed swede rape straw: adsorption process and
disposal methodology of depleted bioadsorbents, Bioresour.
Technol. 138 (2013) 191–197.
[39] S. Lagergren, About the theory of so called adsorption of
soluble substances, Kungl. Sven. Vetenskapsakad. Handl. 24
(1898) 1–39.
[40] Y.S. Ho, G. McKay, Sorption of dye from aqueous solution by
peat, Chem. Eng. J. 70 (1998) 115–124.
[41] H. Chen, J. Zhao, G. Dai, Silkworm exuviae––a new non-
conventional and low-cost adsorbent for removal of methylene
blue from aqueous solutions, J. Hazard. Mater. 186 (2011)
1320–1327.
[42] Q. Li, Q.-Y. Yue, Y. Su, B.-Y. Gao, L. Fu, Cationic
polyelectrolyte/bentonite prepared by ultrasonic technique and
its use as adsorbent for Reactive Blue K-GL dye, J. Hazard.
Mater. 147 (2007) 370.
[43] G. Akkaya, A. O¨zer, Biosorption of acid red 274 (AR 274) on
dicranella varia: determination of equilibrium and kinetic model
parameters, Process Biochem. 40 (2005) 3559.[44] W. Weber, J. Morris, Kinetics of adsorption on carbon from
solution, J. Sanit. Eng. Div. Am. Soc. Cov. Eng. 89 (1963) 31–60.
[45] G.E. Boyd, A.W. Adamson, L.S. Myers Jr., The exchange
adsorption of ions from aqueous solutions by organic zeolites.
II. Kinetics, J. Am. Chem. Soc. 69 (1947) 2836–2848.
[46] M. O¨zacar, .A. Sengil, Application of kinetic models to the
sorption of disperse dyes onto alunite, Colloids Surf., A 242
(2004) 105–113.
[47] Y. Zhao, Q. Yue, Q. Li, X. Xu, Z. Yang, X. Wang, B. Gao, H.
Yu, Characterization of red mud granular adsorbent (RMGA)
and its performance on phosphate removal from aqueous
solution, Chem. Eng. J. 193 (2012) 161–168.
[48] N. Yeddou-Mezenner, Kinetics and mechanism of dye
biosorption onto an untreated antibiotic waste, Desalination
262 (2010) 251–259.
[49] I. Langmuir, The adsorption of gases on plane surfaces of glass,
mica and platinum, J. Am. Chem. Soc. 40 (1918) 1361–1403.
[50] H.M.F. Freundlich, Over the adsorption in solution, J. Phys.
Chem. 57 (1906) 385–470.
[51] M.M. Dubinin, The potential theory of adsorption of gases and
vapors for adsorbents with energetically non-uniform surface,
Chem. Rev. 60 (1960) 235–241.
[52] P. Wang, M. Cao, C. Wang, Y. Ao, J. Hou, J. Qian, Kinetics
and thermodynamics of adsorption of methylene blue by a
magnetic graphene–carbon nanotube composite, Appl. Surf. Sci.
290 (2014) 116–124.
[53] T.W. Weber, R.K. Chakravorti, Pore and solid diffusion models
for ﬁxed-bed adsorbers, J. Am. Inst. Chem. Eng. 20 (1974) 228.
[54] G. McKay, H.S. Blair, J.R. Gardner, Adsorption of dyes on chitin.
I. Equilibrium studies, J. Appl. Polym. Sci. 27 (1982) 3043–3057.
[55] B.H. Hameed, M.I. El-Khaiary, Equilibrium, kinetics and
mechanism of malachite green adsorption on activated carbon
prepared from bamboo by K2CO3 activation and subsequent
gasiﬁcation with CO2, J. Hazard. Mater. 157 (2008) 344–351.
[56] F. Deniz, S. Karaman, S.D. Saygideger, Biosorption of a model
basic dye onto pinus brutia ten.: evaluating of equilibrium, kinetic
and thermodynamic data, Desalination 270 (2011) 199–205.
[57] B.H. Hameed, M.I. El-Khaiary, Batch removal of malachite
green from aqueous solutions by adsorption on oil palm trunk
ﬁbre: equilibrium isotherms and kinetic studies, J. Hazard.
Mater. 154 (2008) 237–244.
[58] M.J. Jaycock, G.D. Parﬁtt, Chemistry of Interfaces, Halsted
Press, E. Horwood, 1981.
[59] W. Ruixia, C. Jinlong, C. Lianlong, F. Zheng-hao, L. Ai-min, Z.
Quanxing, Study of adsorption of lipoic acid on three types of
resin, React. Funct. Polym. 59 (2004) 243–252.
